A multi-virulence-locus sequence typing (MVLST) scheme was developed for subtyping Listeria monocytogenes, and the results obtained using this scheme were compared to those of pulsed-field gel electrophoresis (PFGE) and the published results of other typing methods, including ribotyping (RT) and multilocus sequence typing (MLST). A set of 28 strains (eight different serotypes and three known genetic lineages) of L. monocytogenes was selected from a strain collection (n > 1,000 strains) to represent the genetic diversity of this species. Internal fragments (ca. 418 to 469 bp) of three virulence genes (prfA, inlB, and inlC) and three virulenceassociated genes (dal, lisR, and clpP) were sequenced and analyzed. Multiple DNA sequence alignment identified 10 (prfA), 19 (inlB), 13 (dal), 10 (lisR), 17 (inlC), and 16 (clpP) allelic types and a total of 28 unique sequence types. Comparison of MVLST with automated EcoRI-RT and PFGE with ApaI enzymatic digestion showed that MVLST was able to differentiate strains that were indistinguishable by RT (13 ribotypes; discrimination index ‫؍‬ 0.921) or PFGE (22 profiles; discrimination index ‫؍‬ 0.970). Comparison of MVLST with housekeeping-gene-based MLST analysis showed that MVLST provided higher discriminatory power for serotype 1/2a and 4b strains than MLST. Cluster analysis based on the intragenic sequences of the selected virulence genes indicated a strain phylogeny closely related to serotypes and genetic lineages. In conclusion, MVLST may improve the discriminatory power of MLST and provide a convenient tool for studying the local epidemiology of L. monocytogenes.
Listeria monocytogenes is a gram-positive, intracellular foodborne pathogen that can contaminate a variety of foods and cause listeriosis, a potentially fatal disease. Although infection by L. monocytogenes is relatively rare, it has the second highest fatality rate (21%) and the highest hospitalization rate (90%) of all foodborne pathogens (4) . It was found that L. monocytogenes can grow in a wide variety of potential reservoirs and sources within food-processing plants and contaminate readyto-eat foods (9) . While many different strains of L. monocytogenes have been isolated from processing plant environments and frequently cause costly recalls, only a few virulent strains are known to colonize these environments, contaminate foods, and cause listeriosis (29) . Therefore, the ability to differentiate strains of L. monocytogenes is particularly important for tracking transmission of pathogenic strains within food-processing plants and developing more effective intervention strategies to prevent recalls and human illness.
Various fragment-based typing methods have been used to differentiate L. monocytogenes strains at the subspecies or strain level (30) . These include (i) PCR-based methods, e.g., randomly amplified polymorphic DNA (19, 32) and repetitive sequence-based PCR (18) ; (ii) restriction digestion-based methods, e.g., ribotyping (RT) (2, 26) and pulsed-field gel electrophoresis (PFGE) (1, 12, 13) ; and (iii) some other combined amplification-restriction methods, e.g., amplified fragment length polymorphism (14) and PCR-restriction fragment length polymorphism (17) . The methods listed above target nucleotide variations at endonuclease restriction or primer annealing sites, utilize the electrophoretic mobility of digested or amplified DNA fragments in agarose gels, and define L. monocytogenes strains by their unique banding patterns. Although these methods provide better strain differentiation than serotyping and phage typing, their discriminatory abilities are not optimal and sometimes cannot differentiate epidemiologically unrelated strains of L. monocytogenes (13, 30) . In addition, experimental protocols of these methods may differ and are difficult to standardize. As a consequence, data comparison among different laboratories is sometimes difficult (13, 30) .
To overcome the ambiguities of fragment-based typing methods, multilocus sequence typing (MLST), a DNA sequence-based method, was recently developed by Chan et al. and Maiden et al. (5, 20) . MLST targets slowly diversified housekeeping gene sequences to address global epidemiology of pathogenic microorganisms (20) . MLST (i) provides unambiguous DNA sequence data that can be easily exchanged and compared via worldwide web databases; (ii) combines PCR and automated DNA sequencing to reduce labor and analysis time; and (iii) provides discriminatory power comparable to or higher than that provided by fragment-based methods (8, 20) . Due to limited sequence variation in housekeeping genes (3, 23) , however, MLST sometimes lacks the discriminatory power required to address issues of local epidemiology for L. monocytogenes strains, such as how some pathogenic strains colonize and transmit within food-processing plants or whether strains isolated from a localized outbreak or recall are different from those isolated from food-processing plants or contaminated food products.
Certain virulence and virulence-associated genes play very important roles in intracellular survival, cell-to-cell spread, and virulence of L. monocytogenes (6, 7, 10, 15, 21, 22, 28) . Due to exposure to frequent environmental changes, e.g., immune sys-tem responses, these virulence and virulence-associated genes may evolve more rapidly than housekeeping genes (3, 20) . Consequently, these genes may provide a higher degree of nucleotide sequence polymorphism and higher discriminatory power for local epidemiology studies (3, 8, 20) . In this study, we selected three virulence genes (prfA, inlB, and inlC) and three virulence-associated genes (dal, lisR, and clpP) of L. monocytogenes (11) for analysis. The goals of this study were (i) to develop a multi-virulence-locus sequence typing (MVLST) scheme for studying the local epidemiology of L. monocytogenes; (ii) to compare the discriminatory power of MVLST with the discriminatory powers of PFGE and of other published subtyping methods, including RT and MLST; and (iii) to generate informative sequence data for studying the virulence of L. monocytogenes.
MATERIALS AND METHODS
Bacterial strains. A total of 28 strains of L. monocytogenes (Table 1) were selected and obtained from the Listeria strain collection at the Cornell Food Safety Laboratory. These strains represented eight serotypes (primarily listeriosis-associated serotype 1/2a and serotype 4b strains) and three genetic lineages of L. monocytogenes as previously described (31) . All strains were previously characterized using serotyping and RT with EcoRI digestion. Bacterial strains were stored in tubes of 15% glycerol at Ϫ80°C and grown at 37°C on plates with Trypticase soy agar and yeast extract for the MVLST and PFGE analyses.
MVLST. Intragenic regions of three virulence genes (prfA, inlB, and inlC) and three virulence-associated genes (dal, lisR, and clpP) were selected for the MV-LST analysis (Fig. 1 ). PCR primers (Table 2) were designed using Primer3 software (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) on the basis of the known sequences of L. monocytogenes strain EGD-e (Lion Bioscience) (11) . An approximately 500-bp internal fragment of each gene was amplified to allow accurate sequencing of a ϳ450-bp fragment within each gene. Bacterial genomic DNA was extracted using an UltraClean Microbial DNA extraction kit (Mo Bio Laboratories, Solana Beach, Calif.) and was stored at Ϫ20°C before use. PCR amplifications were performed using NovaTaqPCR kits (Novagen, Madison, Wis.) with a MasterCycler PCR apparatus (Eppendorf Scientific, Hamburg, Germany). A single PCR program was used for the six virulence-gene amplifications (hot lid, 105°C; initial denaturation at 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, final extension at 72°C for 7 min, and holding at 4°C). A 50-l reaction system was composed as follows: 40. buffer with MgCl 2 (final concentration, 1.5 mM), 1 l of template DNA (ϳ50 ng/l), and 0.5 l of NovaTaqDNA polymerase (2.5 U/l). Following amplification, PCR mixtures were loaded on a 1.5% UltraClean agarose gel (Mo Bio Laboratories) and separated by electrophoresis at 120 V for 45 min. The DNA bands (ca. 500 bp) were excised from the gel and purified using a QIAquick gel extraction kit (Qiagen Inc., Valencia, Calif.). DNA sequencing was performed with an ABI Prism 3100 DNA sequencer (Applied Biosystems, Inc.) at The Pennsylvania State University Biotechnology Institute. Both forward and reverse PCR primers were used as sequencing primers. DNA sequencing chromatograms were saved as ABI files and SEQ files for analysis.
PFGE. L. monocytogenes isolates were streaked on plates with Trypticase soy agar and yeast extract and incubated at 37°C for 18 h. Bacterial colonies were suspended in 2 ml of cell suspension Tris-EDTA buffer, and the cell density was adjusted (using a MicroScan turbidity meter [Baxter Diagnostics, Sacramento, Calif.]) to an optical density of 0.80. A 200-l bacterial suspension was transferred to a 1.5-ml microcentrifuge tube and gently mixed with 60 l of 10 mg of stock lysozyme solution (Sigma, St. Louis, Mo.)/ml following by a 10-min incubation at 37°C. A preheated (55°C) 300-l mix of 1.2% SeaKem Gold agarose-1% sodium dodecyl sulfate-0.2 mg of proteinase-K/ml was then added, and the suspension mixture was dispensed into two disposable plug molds (Bio-Rad Laboratories, Hercules, Calif.). Plugs solidified at room temperature were transferred into 50-ml conical tubes with 45 ml of lysis buffer. After 2 h of incubation in a 55°C shaker water bath, the lysis buffer was removed and plugs were washed twice with 45 ml of preheated (55°C) sterile distilled water for 15 min followed by three washes with 45 ml of preheated (55°C) Tris-EDTA buffer in the 55°C shaker water bath.
The 2-mm-thick plug slices were digested with ApaI (New England BioLabs, Beverly, Mass.) (200 U per slice; 5 h at 30°C). The digested slices were then loaded into a 1% SeaKem Gold agarose gel. The PFGE was performed with a CHEF DR II apparatus (Bio-Rad Laboratories) as follows: initial switch time, 4.0 s; final switch time, 40.0 s; run time, 16 h; angle, 120°; gradient, 6.0 V/cm; temperature, 14°C; ramping factor, linear. The gel was stained in ethidium bromide solution for 20 min followed by three distilled water washes. The gel was photographed using a MultiImage gel photographing system (Alpha Innotech Inc., San Leandro, Calif.), and images were saved as TIFF files for analysis.
Data analyses. For MVLST, multiple sequence alignments were performed using GeneTool software (BioTools, Inc., Edmonton, Canada). Different allelic sequences (with at least a one-nucleotide difference) were assigned arbitrary numbers. For each strain, the combination of 6 alleles defined its allelic profile, and a unique allelic profile was designated as a sequence type (ST). The BLAST 2 sequences program was used to identify genomic locations of the resulting intragenic sequences in strain EGD-e (27) . Molecular evolutionary genetics analysis software (version 2.1) (http://www.megasoftware.net) was used to construct the neighbor-joining (N-J) tree of L. monocytogenes strains on the basis of the numbers of nucleotide differences and the results of a bootstrapping test of strain phylogeny. Sequence type analysis and recombinational tests (START) software (version 1.0.5) (http://www.mlst.net) was used to calculate GϩC content and perform recombination and selection (d N /d S ) tests, and a tree of L. monocytogenes strains was constructed on the basis of their allelic profiles by the unweighted pair group method with arithmetic mean (UPGMA). Sawyer's tests were used to provide statistical evidence of recombinational exchanges of the intragenic sequences analyzed (24) .
PFGE patterns with two band differences were compared using the Dice coefficient and Fingerprinting DST Molecular Analyst software (Bio-Rad Laboratories). A dendrogram was constructed on the basis of PFGE banding patterns by the UPGMA.
Discrimination index (D.I.) values were calculated (on the basis of numbers of allelic types [j], numbers of strains belonging to each type [n j ], and total numbers of strains analyzed [N]) as previously described (16) 
Nucleotide sequence accession number. DNA sequences of the virulence-gene fragments were deposited in GenBank under accession numbers AY259632 through AY259659 (prfA); AY259660 through AY259687 (inlB); AY259688 through AY259715 (dal); AY259716 through AY259743 (lisR); AY259744 through AY259771 (inlC); and AY259772 through AY259799 (clpP).
RESULTS
Allelic nucleotide polymorphism in the select virulence and virulence-associated gene fragments. Partial coding sequences (CDSs) of the select virulence genes (prfA, inlB, and inlC) and virulence-associated genes (dal, lisR, and clpP) were sequenced and analyzed. These loci are diversely located in the L. monocytogenes genome (at intervals ranging from 253,816 to 681,055 bp) in strain EGD-e (Fig. 1) . A total of 2,642 bp (39.35% coverage of the six complete CDSs) were analyzed for each strain. Multiple nucleotide sequence alignment did not exhibit insertion or deletion mutation in the six intragenic fragments analyzed. However, single-nucleotide polymorphism was commonly observed over the entire sequence of these fragments. The number of unique alleles identified ranged from 10 for prfA and lisR to 19 for inlB. The percentages of polymorphic nucleotide sites ranged from 7.036% for prfA to 18.681% for dal. The D.I. of each locus was calculated to allow a comparison of levels of discriminatory power among individual virulence genes (Table 3 Although nonsynonymous substitutions were found in all six loci, most of the nucleotide polymorphisms resulted in synonymous substitutions (Table 4) . Only one amino acid substitution was observed in lisR alleles, while 18 amino acid substitutions were observed in dal alleles. Analysis of prfA, lisR, and clpP genes revealed relatively fewer nonsynonymous substitutions and lower d N /d S ratios than analysis of inlB, inlC and dal. The amino acid sequence homology of these genes may be explained by their important functions for intracellular survival and virulence of L. monocytogenes: The PrfA protein is a key regulatory factor for the differential expression of virulence genes within infected host cells (15) . PrfA regulates its own expression, while it positively or negatively regulates the expressions of three other groups of genes (21) . This regulation is essential for cell-to-cell spread of L. monocytogenes (21) . The lisR gene encodes one of the two-component signal transduction response regulators and is involved in virulence potential and tolerance to antimicrobials (6) . The clpP gene codes for one of the caseinolytic proteins (Clps), which is involved in degradation of damaged polypeptides and assists in the rapid adaptive response of intracellular pathogens during the infectious process (10) . Discriminatory power of RT, PFGE, and MVLST. The 28 strains were divided into 13 ribotypes by automated EcoRI-RT (strain ribotypes were obtained from the Cornell Food Safety Laboratory), 23 types by ApaI-PFGE, and 28 STs by MVLST ( Table 1 ). The D.I. for each method was calculated as previously described (16) Table 1) . ApaI-PFGE analysis successfully differentiated strains from different serovars; however, it could not differentiate some epidemiologically unrelated strains within the same serovars (e.g., strains J1-101 [serotype 4b; isolated from a human sporadic case in 1985] and R2-499 [serotype 4b; isolated from a human epidemic outbreak in 2000]). MVLST analysis provided the highest discriminatory power and resolved all the RT-or PFGE-indistinguishable strains by at least one allelic difference.
Cluster analyses of PFGE and MVLST. The PFGE dendrogram was constructed by the UPGMA on the basis of the banding patterns of ApaI-digested genomic DNA fragments (Fig. 2) . The 28 strains were divided into two major clusters (Ͼ40% similarity). Cluster I included strains of serotypes 1/2b, 1/2c, 3b, 3c, 4a, 4b, and 4c; cluster II included serotype 1/2a strains and one serotype 4b strain. The N-J method with 1,000 bootstrapping replications was used to construct a phylogenetic tree for MVLST analysis on the basis of the number of nucleotide differences in the six virulence gene fragments (Fig.  3) . Three major clusters were identified from N-J analysis. Cluster A mainly included serotype 4b (n ϭ 8), 1/2b (n ϭ 3), 3b (n ϭ 1), and 3c (n ϭ 1) strains. Cluster B included serotype 1/2a (n ϭ 6) and 1/2c (n ϭ 3) strains. Cluster C included serotype 4a (n ϭ 3), 4b (n ϭ 1), and 4c (n ϭ 2) strains. Interestingly, the N-J clusters were highly congruent with genetic lineages as previously described by Wiedmann et al. (31) for investigations using RT and PCR-restriction fragment length polymorphism methods. All genetic lineage I strains (n ϭ 13) were grouped in cluster A, all genetic lineage II strains (n ϭ 9) were in cluster B, and all genetic lineage III strains (n ϭ 6) were in cluster C. Within the major N-J clusters, subgroups were observed and correlated with serovars; e.g., in cluster B, all serotype 1/2c strains were in one subgroup and all serotype 1/2a strains were in another subgroup. Both trees indicated that some serotypes of strains, including serotype 1/2b and 4b strains, serotype 3b and 3c strains, serotype 4a and 4c strains, and strains of serotype 1/2a, exhibited close genetic relatedness.
Evidence of recombination and selection in the six virulence loci. Sawyer's test was used to provide statistical evidence of recombinational exchanges within the aligned virulence gene sequences by determining the sum of the squares of the condensed fragment lengths (SSCF) and the maximum condensed fragment (24). Sawyer's tests with 10,000 trials did not reveal detectable cases of intragenic recombination for prfA (SSCF P ϭ 0.3477), lisR (SSCF P ϭ 1.000), inlC (SSCF P ϭ 0.5015), or clpP (SSCF P ϭ 1.0000); however, intragenic recombination was indicated with inlB (SSCF P ϭ 0.0007) and dal (SSCF P ϭ 0.0000). 79  80  82  109  120  127  130  144  3  6  7  12  15  16  20  25  29  39  46  58  68  74  123  19  20  30 90 
DISCUSSION
Comparison of RT, PFGE, and MVLST. RT and PFGE are presently the most commonly used methods for subtyping L. monocytogenes (25, 30) . RT typically targets conserved ribosomal DNA regions and is less discriminatory than PFGE; therefore, its utility for local epidemiological purposes is limited (2, 30) . PFGE targets DNA variations at multiple endonuclease restriction sites across the bacterial genome and generally provides satisfactory discriminatory power for investigations of L. monocytogenes. However, PFGE is less automated than RT and requires greater experimental skill. In addition, the interpretations of the PFGE banding patterns differ between researchers (13, 30) . This study demonstrated that the discriminatory power of MVLST analysis was higher than that of EcoRI-RT and comparable to that of PFGE. Interestingly, dendrograms of PFGE and MVLST indicated different genetic relatedness of the 28 strains, which was probably a reflection of recombination in some selected genes (e.g., inlB and dal).
Comparison of MLST and MVLST.
A total of 14 of the strains investigated in this study were previously analyzed by sequencing the complete CDSs of three housekeeping genes, sigB (780 bp; stress responsive alternative sigma factor B), prs (957 bp; phosphoribosyl synthetase), and recA (1,047 bp; recombinase A) (3). For these 14 strains, the percentage of nucleotide polymorphisms in these genes ranged from 4.9% for prs (nine allelic types) to ϳ10% for sigB (nine allelic types) and recA (seven allelic types). These housekeeping genes were found to be less discriminatory than some virulence genes, namely, actA (14 allelic types) and inlA (13 allelic types) (3). In addition, housekeeping gene-based sequence analysis could not differentiate between some L. monocytogenes serotypes (e.g., serotypes 1/2b and 4b and serotypes 1/2a and 1/2c) and between some epidemiologically unrelated strains within the same serovars (e.g., serotype 1/2a strains J2-017 and C1-117 and serotype 1/2c strains J1-022 and J1-047) (3). However, in the MVLST analysis, strains of different serotypes were differentiated by individual virulence genes, e.g., inlB. Epidemiologically unrelated strains within serovars were clearly differentiated by analysis of a combination of 3 to 6 loci.
In another recent study, partial CDSs of nine housekeeping genes in L. monocytogenes were analyzed by MLST (23) . Most of these gene fragments showed relatively lower nucleotide polymorphism levels, e.g., abcZ (6.1%), bglA (5.0%), cat (7.8%), dapE (8.3%), ldh (4.3%), lhkA (3.5%), pgm (4.4%), and sod (2.9%). In addition, MLST was unable to differentiate epidemiologically unrelated strains, especially for the diseaserelated serotype 4b strains. Results of MVLST supported the finding of MLST that strains of serotypes 1/2a and 4b were genetically more similar than strains of other serotypes (23) . By simultaneously targeting three to six virulence genes, the present MVLST analysis provided a clear differentiation of strains within these serotypes.
Applications in epidemiological studies. As PCR amplification and DNA sequencing become increasingly automated and commercially available, MVLST may provide a more convenient tool for studying epidemiology of L. monocytogenes than fragment-based typing methods. World Wide Web access to gene sequences for different pathogens may further facilitate the dissemination and comparison of sequences or STs, making MVLST a powerful tool for studying the local epidemiology of foodborne pathogens. Highly discriminatory MVLST analysis may assist governmental agencies and food processors in identifying critical control points and establishing effective intervention strategies to prevent contamination of ready-toeat foods by pathogenic L. monocytogenes strains (25, 29) . MVLST analysis targets rapidly evolving virulence genes and therefore may not be suitable for population genetics of bacterial pathogens. More extensive MVLST analyses conducted on the basis of the investigation of a larger number of strains (n Ͼ 100) may provide critical validation of the present study and informative clues for the study of the virulence genes and pathogenesis of L. monocytogenes. By the selection of appropriate virulence loci, the MVLST scheme may also be used to subtype other bacterial genera or species to improve the discriminatory power of MLST-based analyses.
